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The O-polysaccharide of Brucella LPS is critical for viru-
lence of the classical Brucella species (B. melitensis, B. abortus, 
B. suis). Mutants lacking O-polysaccharide are rapidly cleared 
from animal models of infection. In the host, this attenuated 
survival has been explained by increased susceptibility to com-
plement-mediated lysis and/or professional phagocyte cell killing 
mechanisms (Allen et al., 1998; Gonzalez et al., 2008). Within 
the B. melitensis and B. abortus species, differences in survival 
and replication appear to be based on the nature of the genetic 
defect (Porte et al., 2003; Pei and Ficht, 2004; Chen and He, 
2009) leading to loss of LPS expression. Mutants defective in 
core biosynthesis are more sensitive to macrophage killing while 
mutants defective in expression of O-polysaccharide alone have 
been shown to replicate to varying degrees (Gonzalez et al., 2008). 
Presence of Brucella O-polysaccharide may restrict macrophage 
activation and promote productive infection by actively inhibit-
ing or preventing activation of macrophage function (Kreutzer 
et al., 1979a,b; Forestier et al., 1999a,b, 2000; Rittig et al., 2003). 
This has lead to the conclusion that the O-polysaccharide por-
tion of the LPS is critical to persistence and stealth behavior of 
smooth organisms (Barquero-Calvo et al., 2007; de Jong et al., 
2010). The lipid A portion of Brucella LPS is also distinct in its 
IntroductIon
Brucellosis continues to be a major worldwide zoonosis, despite 
eradication programs. Members of the genus Brucellae are small, 
non-motile, Gram-negative, non-encapsulated, intracellular 
zoonotic pathogens. The genus is divided into 10 species, includ-
ing the 6 classical species Brucella abortus, B. suis, B. melitensis, B. 
neotomae, B. canis, and B. ovis and newly recognized species B. ceti, 
B. microti, B. pinnipedialis and B. inopinata. Studies of antigenicity 
have largely focused on outer membrane proteins and expression 
of lipopolysaccharide (LPS; Palmer and Douglas, 1989; Ficht et al., 
1990, 1996; Rojas et al., 1994; Cloeckaert et al., 1996, 1999; Cassataro 
et al., 2005; Jimenez de Bagues et al., 2005; Connolly et al., 2006; 
Barquero-Calvo et al., 2007; Pasquevich et al., 2010). On the basis of 
LPS expression, the classical species can be broken into two broad 
categories: smooth (S-) or rough (R-). The classification between 
S- and R-strains is based on the observation of Brucella colonies 
using the oblique light method (Henry, 1933). In this paper, we 
are focused on the transition of B. abortus or B. melitensis from 
smooth LPS expression to rough LPS expression. Events leading 
to the transition of smooth LPS expression to rough LPS expres-
sion are poorly characterized and just beginning to be explored 
(Mancilla et al., 2010).
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that the appearance of rough organisms enhances survival and 
 perhaps virulence. The demonstration that clonal cultures of 
rough organisms are rapidly cleared during infection provides 
further evidence that the recovered organisms are appearing in situ 
as does the results from macrophage culture (Allen et al., 1998; 
Elzer et al., 1998).
Demonstration of recovery from cultured macrophages and 
mouse tissue from the latter stages of infection were used to con-
firm in situ appearance. The inability of clonal rough variants to 
persist under either condition is accepted as evidence of de novo 
appearance. Unfortunately, it will become obvious that characteri-
zation of a specific role for rough mutants cannot be performed, 
since their appearance involves genetic variation at multiple loci 
and possibly by more than one mechanism and as such cannot be 
readily prevented.
MaterIals and Methods
BacterIa, growth condItIons, and straIn typIng
All bacteria and plasmids used during the course of this inves-
tigation are described in Table 1. E. coli cultures were routinely 
incubated on Luria–Bertani agar (LB, Difco Laboratories) plates 
for 18 h with appropriate antibiotics. Virulent B. abortus S2308 (B. 
Deyoe, NADC) and B. melitensis 16M (ATCC), were re-isolated 
from aborted fetuses of cattle or goats, respectively. These strains 
were used for all challenge organisms and generation of deletion 
mutants. Brucella strains used in this study or their derivatives were 
routinely grown as previously described (Kahl-McDonagh and 
Ficht, 2006) or on Brucella minimal medium (BMM), prepared 
as described by Gerhardt (1958). Brucella cultures were inacti-
vated by autoclaving or heat killing in phenol-saline [0.05% (v/v) 
phenol/0.85% (w/v) NaCl] at 65°C for a minimum of 2 h. When 
appropriate, antibiotics were added to media with the following 
final concentrations: kanamycin, 100 μg/mL; chlorampheni-
col, 30 μg/mL; and ampicillin, 100 μg/mL. All bacterial strains 
were stored frozen at −80°C in medium supplemented with 50% 
(v/v) glycerol.
Dilutions of bacterial cultures were performed in either peptone 
saline [1% (w/v) Bacto peptone, 0.5% (w/v) NaCl], or phosphate 
buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na
2
HPO
4
, 
2 mM KH
2
PO
4
). Unless otherwise noted, all bacterial strains were 
grown at 37°C, in an atmosphere containing 5% (v/v) CO
2
. The 
phenotype of rough Brucella mutants in suspension was confirmed 
by acriflavine agglutination (Alton et al., 1975). Alternatively, crystal 
violet [2%(w/v) crystal violet dye, 20% (v/v) ethanol, 0.8% (w/v) 
ammonium oxalate] staining was used to test the presence of rough 
colonies on solid media (Alton et al., 1975). Crystal violet was used 
to flood a Petri plate containing the bacteria; the dye is excluded 
by smooth colonies while colonies formed from rough mutants 
absorb the dye readily and turn a dark purple. Individual colonies 
were resuspended in 200 μL peptone saline [1% (w/v) Bacto pep-
tone and 0.85% (w/v) NaCl] diluted 1000-fold and then further 
diluted 10-fold into 200 μL fresh tryptic soy broth (TSB; 1.5% 
trypticase peptone, 0.5% phytone peptones, 0.5% NaCl) in the 
wells of a microtiter dish. The resulting cultures were removed 
after 48 h incubation. Acriflavine agglutination was used to confirm 
the rough phenotype of the cultures unless otherwise specified 
(Alton et al., 1975).
structure containing longer chain fatty acids (C28:C30) than 
 enterobacterial lipid A and is the basis for it is reduced toxicity 
(Viadas et al., 2010).
Spontaneous rough variants of the classical Brucella species 
exhibit enhanced activation of macrophages in culture, in contrast 
to the parental smooth strains (Fernandez-Prada et al., 2003; Rittig 
et al., 2003). Differences in uptake result in increased intracellular 
numbers and enhanced macrophage activation that has been shown 
to result in necrotic and oncotic cell death (Fernandez-Prada et al., 
2003; Pei and Ficht, 2004). Enhanced intracellular killing of rough 
organisms has been documented in macrophage ex vivo, as has 
intracellular replication (Porte et al., 2003). However, the sensitiv-
ity of rough Brucella to complement-mediated lysis is still thought 
to be responsible for extracellular killing (Fernandez-Prada et al., 
2001). Release of a mixture of smooth and rough organisms from 
the host cell would result in extracellular killing of rough organ-
isms, but may also provide a route of escape for the more resistant 
smooth organisms (Hybiske and Stephens, 2008).
The first step to exploring a role for the spontaneous appearance 
of rough derivatives is characterizing the frequency and rate with 
which rough organisms appear. Recently, this topic was explored, 
by Mancilla et al. (2010) who characterized phage integrase medi-
ated recombination, resulting in deletion of two O-polysaccharide 
glycosyltransferases within the main LPS locus. In addition to genes 
in the main LPS locus, genetic mutation at either B. melitensis or 
B. abortus manBA (phosphomannomutase/phosphomannoisomer-
ase; BMEII0899 and BMEII0900 or BAB2_0855 and BAB2_0856 
respectively) is cause for loss of LPS expression and putative core 
defect (Allen et al., 1998; Gonzalez et al., 2008). Previous work in 
our lab characterizing rough mutants made manBA an ideal starting 
place to assess the biology of spontaneous manBA rough mutants 
(Allen et al., 1998; Pei and Ficht, 2004; Pei et al., 2006, 2008; Wu 
et al., 2006). The inability to block the generation of rough vari-
ants prevents addressing the role rough mutants play in infection 
directly. However, properties of spontaneous rough mutants should 
be considered in the context of infection, where they arise; the prop-
erties of a clonal culture of rough organism may be artifactual and 
may not represent the biological role these organisms play in the 
host. The first step in this process is to determine whether rough 
organisms arise in situ as has been reported in culture (Henry, 1933) 
and to determine whether the rate of appearance differs from the 
background mutation rate. The next step is to characterize a genetic 
basis for the spontaneous appearance of rough mutants.
In order to quantify the rate of smooth to rough transition, a 
fluctuation test using bacteriophage Bk2 was used to identify the 
frequency of mutations in bacterial populations and is directly 
analogous to the use of T1-phage by Luria and Delbrück (1943). 
Trans-complementation with the B. melitensis manBA locus 
restored O-polysaccharide expression and DNA sequence analysis 
of the involved loci was performed in an effort to characterize the 
mutation frequency and rate. Use of the fluctuation test allows char-
acterization of a rate of appearance, as opposed to the frequency 
of appearance, establishing that the observed genetic mutations 
occur, regardless of selection pressure (Luria and Delbrück, 1943).
The results shown demonstrate the frequency and rate of 
appearance of rough variants in vivo and ex vivo and a potential 
genetic locus involved in their appearance. It may be surmised 
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in the population. The mutation rate is the number of mutations 
per cell division. The most probable number of mutational events 
per culture for the set, m, was determined by using the method of 
the median of Lea and Coulson, introduced in 1949 (Luria and 
Delbrück, 1943; Lea and Coulson, 1949). The method consists of 
calculating the median number of mutants and using that number 
to find the theoretical number of mutants per culture from the 
tables developed by Lea and Coulson (1949). Calculation of the 
mutation rate from m required determining the average number 
of cells per culture. Viable titers were determined by serial dilution 
and plating on non-selective medium. Values were averaged, deriv-
ing the average number of bacteria in a given culture (N
av
). The 
Luria–Delbrück mutation rate per cell generation, micron (μ), was 
calculated by using the relationship μ = (ln
2
)(m/N
av
).
plasMIds and Molecular BIology Methods
Genetic manipulations were carried out using standard techniques 
(Maniatis et al., 1982). Primers used in this study are described 
in Table 2. All primer design was performed using MacVector™. 
All of the restriction endonucleases used in this study were pur-
chased from Roche Biochemicals, with the exception of AscI, which 
was purchased from New England Biolabs. FastStart Taq was pur-
chased from Roche Biochemicals. AccuTaq LA was purchased from 
Sigma Chemicals. T4 DNA Ligase was purchased from Promega. 
DNA manipulations including restriction digestion, ligation, and 
PCR amplification were performed according to the manufactur-
ers instructions. PCR reactions were typically performed using 
50–200 ng target DNA, 0.5 μM of each primer, 200 μM of each 
deterMInatIon of the MutatIon rate and frequency In 
Brucella
Independent Brucella colonies were resuspended in 200 μL pep-
tone saline from culture on tryptic soy agar (TSA; 1.5% trypticase 
peptone, 0.5% phytone peptones, 0.5% NaCl, 1.5% agar). This sus-
pension was then diluted 1000-fold in fresh peptone saline. A final 
10-fold dilution was made into 200 μL aliquots of TSB in the wells 
of a 96-well microtiter plate. The resulting cultures, each inocu-
lated with approximately 1000 cfu, were incubated for 2 days, to an 
approximate cell density of 5 × 107 cfu/mL as determined by plating 
a subset of these cultures on non-selective media. To measure back-
ground mutation rate, 70-μL portions of each culture were plated 
on selective medium, BMM containing 40 μg/mL 5-fluoroorotic 
acid (FOA), and 50 μg/mL uracil. Uracil auxotrophs, FOA-resistant 
colonies, were analyzed after 8–10 days of incubation. As a positive 
control, the E. coli, uracil auxotroph strain, AT2538 (E. coli Genetic 
Stock Center, New Haven, CT, USA) was carried through all steps 
of the experiment. For growth comparison between rough and 
smooth strains, genetically engineered rough B. melitensis were 
mixed with wild-type B. melitensis at approximately 1:1 in 5 mL of 
TSB. After 48 h, 50 μL was removed and passaged to a fresh 5 mL 
aliquot of TSB for further culture. Passage was repeated three times 
and rough content from each passage was ascertained by differential 
plating (TSA versus TSA with kanamycin).
The method of the median is generally accepted as an unbiased 
method to determine the mutation rate in bacterial populations 
(Koch, 1982; Rosche and Foster, 2000). Mutant frequency is the 
ratio of mutants detected divided by the total number of bacteria 
Table 1 | List of strains and plasmids.
Strain/plasmid Relevant characteristic (s) Source or reference
B. ABoRTus STRainS
S2308 B. abortus wild-type isolate, type strain (biovar 1) NADC, bovine passaged
S2308∆manBA S2308 ∆manBA::KanR This study
B. mEliTEnsis STRainS
16M B. melitensis wild-type isolate, type strain (biovar 1) ATCC, goat passaged
16M∆manBA 16M ∆manBA::KanR This study
E. Coli STRainS
DH10B F− mcrA ∆(mrr-hsdRMS-mcrBC) Φ80lacZ∆M15 ∆lacX74 recA1  Invitrogen
 endA1 araD139 ∆(ara leu) 7697 galU galK rpsL nupG λ-
TOP10 F− mcrA ∆(mrr-hsdRMS-mcrBC) Φ80lacZ∆M15 ∆lacX74 recA1 Invitrogen
 araD139 ∆(ara leu) 7697 galU galK rpsL (StrR) endA1 nupG
DH5α F− Φ80lacZ∆M15 ∆(lacZYA-argF) U169 recA1 endA1 Invitrogen
 hsdR17 (rK
−, mK
+) phoA supE44 λ− thi-1 gyrA96 relA1
ß2155 thrB1004 pro thi strA hsdS lacZ ∆M15 (F9 lacZ ∆M15 lacIq traD36 Dehio and Meyer (1997)
 proA1 proB1) ∆dapA::erm (ErmR) pir::RP4 (::kan (KanR) from SM10)
PLaSMidS
pBBR1MCS6-y Cloning vector, CmR, GFP Murphy et al. (2002)
pBluescript KS II (+) Cloning vector Stratagene
pKD4 Source of KanR cassette and FRT sites Datsenko and Wanner (2000)
pJET1445 B. melitensis manBA operon in pBBR1MCS6-y, CmR This study
pJET931MA pBluescript containing manBA 3′ and 5′ fragments,  This study
 used to construct pJET940MA, AmpR
pJET940MA Suicide vector for deletion of manBA, KanR, AmpR This study
Turse et al. Spontaneous rough Brucella mutants
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In vItro tIssue culture
Murine macrophage-like J774.A1 were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) with 10% (v/v) fetal bovine 
serum, 1 mM l-glutamine, and 1 mM non-essential amino acids. To 
assess invasion and replication, 2.5 × 105 cells were seeded into each 
well of a 24-well plate. Cell cultures were placed in a 37°C incuba-
tor in the presence of 5% CO
2
 for 20 min. Bacteria were added to 
macrophages at MOI of 100. The infected cell culture plate was 
centrifuged (room temperature, 200 × g for 5 min) to associate the 
bacteria with the macrophage monolayer. The infected monolayers 
were then washed three times with peptone saline. Tissue culture 
media containing gentamicin was added back to monolayer, killing 
bacteria external to the macrophage. Invasion was determined after 
1 h by lysing the macrophage monolayer and plating the lysate on 
TSA with or without appropriate antibiotics. To measure uptake, 
the recovered bacterial cfu is compared with the infectious dose. 
Survival was similarly determined at later time points.
In vitro loss of Brucella LPS was determined using similar culture 
conditions. J774.A1 cells were seeded in four-well Lab-Tek cham-
bered slides (Nalge-Nunc, Rochester, NY, USA) with 2.3 × 105 cells/
chamber 1 day before infection. The cells were infected at an MOI 
of 20 using GFP expressing B. melitensis 16M. At 1, 4, 12, 24, 48 h 
chambers were removed, and the cells were fixed with 3.7% (v/v) 
formaldehyde in PBS (pH 7.4) for 30 min at room temperature. 
Cells were washed three times with PBS, before antibody staining. 
Cells were incubated 30 min with a primary mouse anti-S-Brucella 
LPS monoclonal antibody 39 diluted 1:500 in 0.1% saponin/PBS 
before being stained with Alexa Fluor 568 anti-mouse IgG (1:1000) 
deoxyribonucleoside triphosphate, 2 U of FastStart Taq  polymerase, 
1× PCR buffer, 2 mM MgCl
2
. As necessary, PCR products and 
digested vectors were gel purified and extracted using the Qiagen 
QIAEXII gel purification kit. Hybrid PCR products were produced 
in order to construct an allelic exchange knockout vector as pre-
viously described (Kahl-McDonagh and Ficht, 2006). Southern 
blotting is a routine technique and was used for examining the 
presence or absence of genes in total genomic DNA (Ficht et al., 
1990). The presence of manBA was determined for all spontaneous 
rough isolates by PCR amplification. Samples were applied to an 
FTA CloneSaver™ card, which inactivates the bacteria (Whatman). 
Two-millimeter punches were taken from each sample and used 
in a subsequent PCR. Complementation tests with the expression 
vector pJET1445 were performed for 120 recovered rough colonies 
(Table 3). Brucella mutants were constructed using recombinant 
techniques as described elsewhere (Kahl-McDonagh and Ficht, 
2006). Conjugation was performed as described previously and 
smooth phenotype was confirmed by acriflavine agglutination 
(Wu et al., 2006).
BacterIophage Bk2 selectIon of rough Brucella
Brucella phage, Bk2, was obtained from Douglas and Elberg 
(1976, 1978). Propagation of Bk2 phage was carried out in tryp-
tic soy broth inoculated with a suspension from a 24-h culture 
of B. abortus S2308, so that the final bacterial concentration 
was approximately 5 × 108 cfu/mL. Phage was added at a final 
multiplicity of infection (MOI) of 0.1 and the culture was incu-
bated at 37°C, with agitation, for 18 h. The lysed bacterial sus-
pension was clarified by centrifugation at 10,000 × g to remove 
cellular debris and filtered through a 0.2-μm polyethersulfone 
(PES; Nalgene, Rochester, NY, USA) membrane syringe filter. 
B. abortus S2308 and B. melitensis 16M isolates were grown on 
TSA and five independent colonies selected from each plate were 
suspended in 1 ml of peptone saline, serially diluted, and plated 
on TSA in the presence or absence of Bk2 phage. The plates were 
overlaid with TSA–soft agar [SA; TSB supplemented with 7% 
(w/v) Bacto agar] containing at least 600,000 pfu of Bk2 phage. 
After 72 h, the colony forming units (cfu) present on either plate 
were enumerated and confirmed to be rough using acriflavine 
agglutination as described earlier.
Table 3 | Complementation test with spontaneous rough isolates and 
plasmid pJET1445.
 Complementation phenotype
Species Total R (cfu) R S % Restored 
    (R to S)
B. melitensis 58 36 22 37.9
B. abortus 62 49 13 21.0
Overall 120 85 35 29.2
Table 2 | Primers used in this study.
Primer Sequence (engineered restriction site) Purpose
TAF204 5′-GGCGCGCCACGTCTTGAGCGATTGTGTAGG-3′ (AscI) Kan cassette
TAF205 5′-GGCGCGCCGGACAACAAGCCAGGGATGTAAC-3′ (AscI) Kan cassette
TAF251 5′-CGGGATCCCGGCAAAGGGTTCCGCAATAC-3′ (BamHI) 5′ manBA fragment
TAF254 5′-GGCAAAATACCGGCGCGCCGCAAATCCCTGCCGACAAAC-3′ (AscI) 5′ manBA fragment
TAF252 5′-CGGGATCCCGGGTCAGTCATCAGTTGCGGATTC-3′ (AscI) 3′ manBA fragment
TAF253 5′-GCAGGGATTTGCGGCGCGCCGGTATTTTGCCCCTCGTCCTG-3′(AscI) 3′ manBA fragment
TAF419 5′-TTCCAGGCAGATACAGG-3′ manBA amplification
TAF420 5′-ATCCCAATAGGCCGAATGCCAA-3′ manBA amplification
TAF433 5′-GAAGATCTTCCAGGCAGATACAGG-3′ (BglII) manBA amplification
TAF434 5′-GAGATCTATCCCAATAGGCCGAATGCCAA-3′ (BglII) manBA amplification
TAF234 5′-GCTCTCCATGATTTCGGGTA-3′ nylC amplification
TAF235 5′-CGCTTCGCAAAATTGAAAAT-3′ nylC amplification
Turse et al. Spontaneous rough Brucella mutants
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killing was measured as described elsewhere (Corbeil et al., 1988). 
A rough strain of E. coli JM101 with no LPS side chain was included 
as a positive control in the bactericidal assay since it is serum sus-
ceptible and sensitive to complement-mediated killing from all 
sera tested.
statIstIcal analysIs
Statistical significance was determined using Student’s t-test. A 
p-value of <0.05 was considered significant.
ethIcs stateMent
Animals were handled in strict accordance with good animal 
practice as defined by the Texas A&M University Institutional 
Animal Care and Use Committee (IACUC) and meet all federal 
requirements, as defined in the Animal Welfare Act (AWA) and 
the Public Health Service (PHS) Policy Humane Care and Use of 
Laboratory Animals.
results
deterMInatIon of the spontaneous MutatIon rate In 
B. aBortus s2308 and B. melItensIs 16M
Conversion of wild-type Brucella to pyrimidine auxotrophy pro-
vided an estimate of background genetic mutation via selection of 
spontaneous mutants on 5-FOA. This approach selects for mutants 
deficient in either of two UMP biosynthetic enzymes: orotate phos-
phoribosyl transferase (OPRTase) or orotidine 5′-monophosphate 
decarboxylase, encoded by the pyrE and pyrF genes, respectively 
(Grogan et al., 2001). FOA is not toxic outright, but the 5-fluorouri-
dine 5′-monophosphate synthesized via the sequential action of the 
PyrE and PyrF kills bacterial cells. Loss of either enzyme thus spares 
the mutant in the presence of FOA, but also renders it dependent 
on exogenous uracil for growth. The pyrE/pyrF aggregate mutation 
rate was calculated from a total of 94 independent B. abortus and 
94 independent B. melitensis colonies. Excluding jackpot cultures 
(>3000 colonies/plate), 261 mutant colonies were collected from B. 
abortus and 930 mutant colonies were collected from B. melitensis. 
Median numbers of mutants for each culture were 2 and 18.5, 
respectively. The most probable number of mutational events per 
culture for the set, m, was determined by using the method of the 
median of Lea and Coulson (Luria and Delbrück, 1943; Lea and 
Coulson, 1949). This leads to an estimation of 1.32 and 6.07 muta-
tional events per culture for B. abortus and B. melitensis, respectively. 
To calculate the average number of cfu per culture, the viable titers 
were determined by serial dilution and plating on non-selective 
medium to derive the average number in a given culture (N
av
). The 
Luria–Delbrück mutation frequency per cell generation, micron 
(μ), was calculated by using the relationship μ = (ln
2
)(m/N
av
). For 
B. abortus this value was 1.63 × 10−8, and for B. melitensis 7.48 × 10−8 
mutations per genome per generation. The results suggest that the 
selected strains have extremely stable genomes, at least with regard 
to pyrimidine auxotrophy.
rate of appearance of rough Mutants In B. aBortus s2308 and 
B. melItensIs 16M
Similar experiments were carried out to estimate the mutation 
rate for manBA, using the phenotypic marker of loss, or dissocia-
tion, of LPS expression. The rate of dissociation was determined 
in 0.1% saponin/PBS. Treatment of GFP expressing Brucella with 
red anti-Brucella LPS antibody meant that bacteria either express-
ing S-LPS or R-LPS could be distinguished from one another. 
Colocalization of green and red fluorescence results in a yellow, 
colocalized signal representing S-LPS. Green fluorescent signal 
alone indicates presence of rough LPS. Observations were made 
using an Olympus IX70 microscope. Results were quantified using 
ImageJ (http://rsbweb.nih.gov/ij/). To rule out the potential for 
physical loss of O-polysaccharide under low pH conditions in the 
Brucella some, B. melitensis was resuspended in 25 mM homopi-
perazine buffer, pH 4.2 or PBS, pH 7.5, and monitored for loss 
of LPS over a 48-h time period (data not shown; Kohler et al., 
2002a,b, 2003).
Mouse Model of InfectIon
The mouse model was used to evaluate the in vivo clearance kinet-
ics and spontaneous appearance of rough Brucellae. Experiments 
to determine clearance kinetics used groups of three to five 6- to 
8-week-old female BALB/c mice infected with 108 wild-type B. 
melitensis 16M, B. melitensis 16M∆manBA, or sham infected with 
PBS. Mice from each treatment group were euthanized at 1, 4, 8, 
24, 72, and 168 h post-infection. Peritoneal lavage with 4 mL of 
ice-cold PBS was used to harvest samples from the infected ani-
mals. Bacterial load was assessed in the spleen and liver, and in 
the ascites samples were plated with or without the addition of 
50 μg/mL gentamicin to distinguish intracellular from extracellular 
organisms. The recovery of rough isolates from infected mice was 
performed using groups of 6- to 8-week-old female BALB/c mice, 
injected intraperitoneally with 5 × 105 cfu of inoculant composed 
of one of the following: (i) B. melitensis 16M, (ii) a 1:1 mixture of B. 
melitensis 16M and 16M∆manBA, (iii) B. melitensis 16M∆manBA, 
(iv) B. abortus S2308, (v) a 1:1 mixture of B. abortus S2308 and B. 
abortus S2308∆manBA, or (vi) B. abortus S2308∆manBA. Mice 
were euthanized at 1 and 8 weeks post-inoculation by CO
2
 asphyxi-
ation. Spleens were collected and weighed prior to homogeniza-
tion (Omni 2000; Omni International, Inc.). Bacterial recovery 
was determined by plating portions of serial diluted homogenates 
on TSA plates with and without kanamycin. In addition, a portion 
of each homogenate was plated on Bk2 phage plates as previously 
described, for enumeration of total rough organism. Data are the 
average log
10
 value of cfu per spleen over five mice.
IMMunologIcal Methods
Characterization of Brucella LPS was performed following growth 
and recovery of the organism as described previously (Palmer 
and Douglas, 1989). Fluorescent detection of LPS was performed 
directly in polyacrylamide gels, utilizing the fluorescent hydrazide, 
Pro-Q Emerald 300 dye (Steinberg et al., 2001), and standard gel 
documentation setup with UV transilluminator, as described by 
the manufacturer, Molecular Probes. Alternatively, Brucella LPS was 
visualized by Western blotting utilizing sensitized anti-B. meliten-
sis goat sera or anti-B. abortus LPS mouse monoclonal antibody 
39 (Holman et al., 1983) and a secondary antibody, either rabbit 
anti-goat or goat anti-mouse, conjugated to alkaline phosphatase 
and visualized according to manufacturer’s instructions (Roche 
Biochemicals). Fresh sera were obtained from goat, cow, and human 
donors for use in these experiments and complement-mediated 
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 deletions were not observed in spontaneously arising rough variants 
characterized utilizing bacteriophage Bk2 selection. In sequenced 
roughs, two transitions, T
135
C and G
335
A were found. These tran-
sitions cause a coding shift from serine to leucine and glutamic 
for 60 and 59 individual smooth colonies of B. melitensis and B. 
abortus, respectively. Each colony was serially diluted in peptone 
saline and plated onto TSA media with and without Bk2 phage. 
The dissociation rate is equal to the number of rough cfu, enumer-
ated via growth on bacteriophage Bk2 saturated plates, divided 
by the number of smooth cfu from each colony, as observed by 
crystal violet staining. The rate of dissociation for B. melitensis is 
1.15 × 10−4, while the frequency of dissociation of B. abortus rough 
variants is 1.27 × 10−5. Using the median of all rough colonies (B. 
melitensis or B. abortus) to find m, the most probable number of 
mutational events per culture, led to m = 293 mutations per culture, 
for B. melitensis and m = 312 mutations per culture for B. abor-
tus. To assess contribution of genetic events at the manBA locus 
(Figure 1A) a complementation test was performed for each mutant 
(Table 3). Plasmid pJET1445 was introduced into each rough isolate 
to determine if a defect in manBA was the reason these strains had 
lost O-polysaccharide expression. The results indicated that 22 B. 
melitensis, 12 B. abortus – 34 overall rough mutants were trans 
complemented by manBA. The ability of this expression vector to 
restore LPS expression in manBA deficient strains was confirmed 
by both Western blotting (not shown) and staining with Pro-Q 
Emerald 300, a glycoprotein stain (Figure 1C). Using the median 
of only those colonies complemented by manBA in trans, m = 197 
mutations per culture for B. melitensis and 331 mutations per cul-
ture for B. abortus. Luria–Delbrück mutation frequencies, micron 
were calculated. The frequency of dissociation for B. melitensis is 
1.15 × 10−4, while the frequency of dissociation of B. abortus rough 
variants is 1.27 × 10−5. In general the rate of mutation is about 
100–1000 times greater than that observed for the spontaneous 
appearance of Brucella pyrimidine auxotrophs. These rates and 
frequencies, summarized in Table 3, are consistent with a mutator 
phenotype (Le Chat et al., 2006).
sequence changes at the manBa locus of rough varIants
The ability to complement only one-third of spontaneously aris-
ing rough variants suggested that mutations occur at more than 
one locus. However, rather than characterizing all of these defects 
we decided to focus on the nature and extent of variation at the 
manBA locus (BMEII0899-0900). Initial efforts using Southern 
blotting of the manBA locus in B. melitensis revealed the poten-
tial for spontaneous genomic rearrangements as a cause of the 
loss of function of manBA in natural rough variants (Figure 1B). 
Genomic DNA was digested with restriction enzymes EcoRI and 
PstI. Using randomly labeled 32P-labeled probe to RTN protein (rtn, 
BMEII0904), large deletion events were identified in approximately 
one-half of the rough variants detected in the original stock culture 
received from the ATCC (Figure 1B, lanes R1, R3, R8, R9, R10). 
Complementation with the manBA expression plasmid, pJET1445, 
restored smooth LPS production in the mutants. Primer walking 
indicated that the deletion was up to 12 kbp in extent. A second 
class of rough mutants lacking any significant genomic rearrange-
ments was also identified (Figure 1B, lanes R2, R4, R5, R6, R7, R11, 
R12, R13). Identification of the first group of mutants suggested 
that changes at the manBA locus could account for the loss of 
O-polysaccharide expression in spontaneously arising mutants. 
To increase the number of rough mutants being characterized, 
the Brucella phage Bk2 was used to select rough mutants. Gross 
FiguRE 1 | genomic variation among isolates of B. melitensis 16M in 
stock culture originally obtained from aTCC. A preliminary genetic screen 
of Brucella rough variants revealed large genomic rearrangement. (a) 
Schematic of the manBA locus, showing the full extent of the deletion as 
characterized by primer walking. Primers for amplification of manBA (TAF419 
and TAF420) are indicated. Unaffected genes (dark blue), truncated genes 
(light blue) and completely deleted genes (red). (B) Representative figure 
demonstrating Pro-Q Emerald 300 glycoprotein staining of Brucella LPS 
separated on SDS-PAGE using manBA knockout strains developed for this 
work and the ability to complement the deletion with the pJET1445 
expression construct (C); marker (lane M), B. melitensis 16M (lane A), B. 
melitensis ∆manBA (lane B), B. melitensis 16M∆manBA/pJET1445 (lane C), B. 
melitensis 16M∆manBA/pBBR1MCS6-y (lane D), B. abortus S2308 (lane E), B. 
abortus ∆manBA (lane F), B. abortus 16M∆manBA/pJET1445 (lane G), B. 
abortus 16M∆manBA/pBBR1MCS6-y (lane H), E. coli O55:B5 expressing 
smooth LPS (lane Ec), (rtn, BMEII0904), demonstrating naturally occurring 
deletion of manBA. The arrows indicate two digested fragments of the rtn 
locus (3471 and 684 bp, respectively) that are lost with the deletion of manBA. 
R1–R13 are different spontaneous rough isolates, representing two broad 
classes of mutants. (C) Southern blot of PstI/EcoRI-digested genomic DNA 
isolated from B. melitensis rough isolates probed with a randomly 32P-labeled 
probe to phosphodiesterase.
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of smooth to rough transition in macrophages. Visualization of 
these events was performed using macrophages infected with GFP 
expressing B. melitensis 16M at 1, 4, 12, 24, 48 h time points. At each 
time point, changes in the detection of smooth Brucella LPS was 
revealed by the loss of colocalization of the red and green signals 
from the Alexa Fluor 568 and GFP respectively (Figure 3). These 
results were quantified revealing that upward of 60% of bacteria 
within macrophages, in the fields examined, had lost reactivity for 
smooth LPS antibody (Figure 3, inset). Loss of reactivity to mono-
clonal anti-Brucella smooth LPS is consistent with a change in the 
nature or presence of Brucella LPS during the course of infection. 
Experiments using rough-specific anti-sera received from NVSL 
indicated the increased number of rough organisms present in 
the macrophage. Western blot analysis with the monoclonal anti-
Brucella smooth LPS of recovered mutants confirmed the absence 
of O-polysaccharide (data not shown). Brucella, outside the mac-
rophage, incubated in low pH conditions show no apparent change 
in LPS expression.
coMparIson of Brucella survIval and host cellular actIvIty 
In response to InfectIon
The inability of rough Brucella to cause disease in the mouse 
model is consistent with a critical role for O-polysaccharide in 
the early stages of infection. In experiments following the fate of 
rough Brucella shortly after intraperitoneal inoculation, rough 
organisms became resistant to gentamicin within 1 h of inocu-
lation (Figure 4A) while smooth Brucella remained sensitive to 
gentamicin treatment up to 24 h post-infection (Figure 4B). This 
is consistent with in vitro results demonstrating enhanced uptake of 
rough Brucella (Rittig et al., 2003; Pei and Ficht, 2004). During this 
time frame the number of rough organisms present in the ascites 
declined nearly four logs while the number of smooth organisms 
in the ascites declined by little more than one log. This may well 
explain the attenuated phenotype of rough Brucella mutants and is 
presumably the result of increased sensitivity of rough organisms 
to either extracellular or intracellular killing mechanisms or both. 
The rapid decline of rough organisms in the peritoneum may, in 
part, explain the lower numbers of rough organisms present in 
acid to glycine, respectively. Both transitions were found within the 
putative phosphoglucomutase/phosphomannomutase, alpha/beta/
alpha domain I of phosphomannomutase (manB, BMEII0899). 
The majority of the characterized sequence changes in the manBA 
were similar polymorphisms, with the exception of an insertion 
934
TCGGGCA
935
 within phosphomannomutase. The accumulation 
of these mutations leading to a rough phenotype, in the culture, 
may be explained by their enhanced growth rate demonstrated 
in vitro culture (data not shown).
detectIon of rough varIants In the Mouse and Macrophage 
Models of InfectIon
In order to determine whether rough organisms appear under all 
growth conditions, mice were inoculated with smooth parental 
strain, a ∆manBA (kanR) derivative or a 1:1 mixture of parental 
smooth and ∆manBA (kanR) rough mutant. Survival was com-
pared following organism recovery from the spleen over an 8-week-
period post-inoculation. Mice infected with the rough mutant 
alone eliminated the bacteria rapidly, and both B. melitensis and 
B. abortus rough derivatives were undetectable within 1 week post-
inoculation. At 1 week, rough mutants were recovered from mice 
infected with smooth B. melitensis at a frequency of 5.94 × 10−3 
and mice infected with B. abortus at a frequency of 9.95 × 10−3. 
After 8 weeks, the frequencies changed slightly to 1.42 × 10−2 and 
6.44 × 10−4, respectively. In mice infected with 1:1 ratio of smooth 
and rough bacteria, rough strains were recovered out to 8 weeks, at 
similar frequencies to animals infected with clonal populations of 
smooth strains. However, the rough organisms recovered from these 
animals were not kanamycin resistant suggesting that the rough 
mutants recovered represent newly derived variants arising in vivo 
from the smooth organisms present in the inoculum (Figure 2).
To determine if the appearance of rough mutants in vitro was 
consistent with in vivo conditions, recovery of rough deriva-
tives from the macrophage model of infection was evaluated. 
Macrophages were infected with smooth Brucella melitensis and the 
inoculum and surviving bacteria were plated on the surface of plates 
saturated with the Brucella phage Bk2. The ratio of rough to smooth 
Brucella from macrophages is 9.12 × 10−4, indicating conservation 
FiguRE 2 | Recovery of rough Brucella from the spleens of infected mice. 
Mice were infected with clonal populations of smooth or rough B. melitensis, or 
a mixture of smooth and rough B. melitensis. Bacterial colonization was 
evaluated at 1-week (a) and 8-weeks (B) post-infection. Mice infected with a 
clonal population of rough organisms cleared the infection as early as 1 week 
post-infection. In contrast, spontaneous rough mutants are recovered from mice 
infected with smooth strains (either clonal smooth strains or a mixture of 
smooth and rough strains) at both 1 and 8 weeks post-infection. The horizontal 
line above the x-axis represents the limit of detection. Differences between 
rough and smooth organisms are significant at p < 0.05.
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 characterization of rough Brucella organisms, it was hypothesized 
that evaluation in vivo would provide improved insight concerning 
the fate and role of organisms lacking O-polysaccharide. Although 
rough organism exhibits an immediate reduction in number and 
effective internalization by resident cells, there appears to be an 
absence of associated inflammatory response and influx of cells 
(data not shown) to a lesser degree than reported for the paren-
tal smooth strains (Barquero-Calvo et al., 2007). Internalization 
of smooth organisms appears to be less efficient ≤10%, and this 
difference has been documented in ex vivo internalization kinet-
ics (Pei et al., 2008). To explain the rapid decline in the viability 
of rough organisms consideration should be given to the differ-
ences in resident versus recruited inflammatory cells (Rabinowitz 
and Gordon, 1989). Enhanced uptake and intracellular killing by 
resident macrophages may explain the differences in the ability 
of smooth and rough organisms to cause disease. Many studies 
have been conducted on rough derivatives of Brucella due to inter-
est in the use of rough strains as vaccines. As a result, research 
has focused on quantifying the immunological responses to and 
differences between rough and smooth strains. The recovery of 
rough variants in both mice and macrophages demonstrates the 
the spleen (Figure 4C) and liver (Figure 4D). An evaluation of the 
sensitivity of the B. melitensis rough mutant 16M∆manBA and a 
natural rough isolate to serum complement was not enhanced by 
the loss of O-polysaccharide in contrast with the results reported 
for other rough Brucella spp. and confirmed by B. abortus strain 
RB51 (Figure 4E).
dIscussIon
The loss of surface O-polysaccharide from classical Brucella spp 
(melitensis, abortus, suis) is directly associated with a loss of viru-
lence, yet there is evidence that rough variants persist and even 
replicate within professional phagocytic cells (Porte et al., 2003; 
Barquero-Calvo et al., 2007). In addition, there are two naturally 
occurring rough Brucella spp (canis, ovis) that retain virulence 
despite the loss of detectable O-polysaccharide. Outside the 
Brucella genus, a similar phenomenon has been found to con-
fer an advantage to Vibrio cholera in the environment, and the 
hypermutable phenotype of Pseudomonas aeruginosa provides a 
changing pattern of phenotypes and virulence characteristics in 
infected individuals (Rice et al., 1992; Oliver et al., 2000; Rashid 
et al., 2003). Because of discrepancies associated with in vitro 
FiguRE 3 | Spontaneous loss of O-polysaccharide reactivity among 
Brucella organism growing in macrophages ex vivo. Macrophages were 
infected with smooth B. melitensis 16M and in vitro loss of Brucella LPS was 
monitored using primary mouse anti-Brucella over a 48-h time period. Presence 
of bacteria either expressing smooth LPS (yellow, colocalized signal) or rough 
LPS (red) at each time point was observed using an Olympus IX70 microscope. 
Results were quantified using ImageJ (http://rsbweb.nih.gov/ij/). Ten fields per 
time point were quantified using ImageJ, the average suggests up to of 60% of 
bacteria within macrophages may lose reactivity with anti-LPS antibody. Results 
with an asterisk (*) are significant with p < 0.05. The bar shown is 25 μm.
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macrophages as suggested by the loss of reactivity with monoclonal 
antibody to O-polysaccharide (Figure 2). Although, intracellular 
replication of rough Brucella variants has been previously docu-
mented, the lack of interest can be attributed to the inability of 
rough variants to cause disease (Porte et al., 2003). An association 
between rough variants and cytotoxic activity suggests that the 
appearance of rough organisms contributes to the spread of the 
agent by lysing the host macrophages and permitting subsequent 
infection of neighboring cells where the cycle is repeated (Pei and 
Ficht, 2004).The property of Brucella organisms to induce necrotic 
cell death is also observed in trophoblasts lining the fetus in preg-
nant animals (Anderson et al., 1986a,b). Although not specifically 
evaluated in this study placental necrosis is consistent with the 
appearance of rough organisms which could play a role in this 
acute form of the disease. Existence of two virulent rough Brucella 
species, B. ovis and B. canis, lacking O-polysaccharide suggests 
presence of organisms with an alternate LPS conformation is a 
normal state during infection. At this point the recovery of rough 
variants either reflects the replication of incoming rough variants 
or their spontaneous appearance during the course of infection. 
However, the rapid clearance of inoculated rough organisms sug-
gests the continued appearance of rough variants during the course 
of infection is the most likely scenario leading to the hypothesis 
that the appearance of rough organisms may be part of the natural 
course of infection.
The results obtained are consistent with smooth organisms 
recruiting cells to the peritoneal cavity that enhance systemic 
spread of the organism. In contrast, rough organisms are ineffi-
cient at recruiting professional phagocytes to the site of infection 
in the peritoneal cavity, and are reduced in number by extracel-
lular killing mechanisms and/or sensitivity to intracellular killing 
by resident cells. Rough variants appear later, most likely within 
FiguRE 4 | Clearance kinetics of smooth and rough Brucella from the 
murine peritoneal cavity and in vitro susceptibility to complement. Mice 
were infected with 108 cfu of either smooth B. melitensis 16M or rough B. 
melitensis 16M∆manBA. Bacterial recovery from the ascites over a 7-day period 
revealed a lower percentage of smooth organisms (a) than rough organisms 
(B) internalized. Systemic infection was determined by recovery of smooth and 
rough organisms from secondary lymphoid organs, spleen (C), and liver 
(d). Significant differences (p ≤ 0.05) are represented with asterisks (*). 
(E) Shows the differences in susceptibility/resistance to complement-mediated 
lysis of smooth (B. melitensis 16M) and rough organisms (B. melitensis 16M R1, 
B. abortus RB51, and E. coli JM101) using sera from several host species. ∆Logcfu 
represents the difference in recovered colony forming units (cfu) following 
incubation in the presence or absence of naïve sera. Resistant organisms will 
exhibit very little difference in survival (values close to zero) while sensitive 
organisms will exhibit a difference in recovery. The inoculum reveals the cfu per 
milliliter used in these experiments. The error bars reveal SD of across five mice.
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population (Rosche and Foster, 2000). It is important to distinguish 
between m, the mean number of mutations that occur during the 
growth of a culture, and μ = the mutation rate, which is the mean 
number of mutations that occur during the lifetime of a cell. By 
exploiting spontaneous auxotrophy, background mutation rates for 
both Brucella abortus and Brucella melitensis were well within the 
range of rates observed for other prokaryotic organisms (Drake, 
1991, 1999; Grogan et al., 2001).
Appearance of rough variants appears to be the result of a natu-
ral process during growth of the organism. Efforts to demonstrate 
the role of rough organism in the ultimate success of the infection, 
is impeded by the fact that variants contain mutation at one of 
several loci, and thus are difficult, if not impossible, to prevent. 
Although the results presented here indicate the complementa-
tion of one-third of rough mutants by introduction of a plasmid 
containing an unaltered version of manBA, these complemented 
strains were also shown to produce rough variants either as a result 
of mutation at other O-polysaccharide related loci or mutation 
within the plasmid copy of manBA. Recently, Mancilla et al. (2010) 
demonstrated that genomic island-2, containing the classical LPS 
genes, is an unstable genetic element. Loss of this element, through 
activation of an integrase, contributes to loss of LPS expression, 
at frequencies similar to those observed by us for manBA derived 
spontaneous rough mutants.
The loss of O-polysaccharide expression, by the bacterium, to 
result from mutations in the primary sequence, perhaps conferring 
a survival advantage to the bacterium. However, the preliminary 
nature of these results cannot rule out additional possibilities includ-
ing epigenetic changes. At this point we cannot determine whether 
the mutator phenotype is the result of cis-acting or trans-acting 
elements or both. All of which suggest the need for deep sequencing, 
including an analysis of DNA methylation patterns. Alternatively, 
conditional mutants capable of regulated O-polysaccharide expres-
sion may offer an alternative approach to confirm the significance 
associated with loss of O-polysaccharide expression.
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alternative  receptor–ligand interactions may permit the bacterium 
to participate in successful interaction with the host (Jones et al., 
1976; Martin-Martin et al., 2008).
Initially, Southern blotting of the manBA locus in Brucella abor-
tus revealed that spontaneous genomic rearrangements may be a 
cause of the loss of function of manBA in natural rough derivatives. 
The observed rearrangement constitutes a 12-kb deletion, remov-
ing manBA, a putative lysR transcriptional regulator, an rtn gene 
encoding a histone-like protein, several glutamate dehydrogenase 
genes and a gamma-amino butyric acid antiporter gene. Based 
on this evidence we placed rough mutants into two broad classes: 
mutants with a spontaneous deletion encompassing manBA, and 
mutants with an intact, but non-functional manBA locus. Though 
this assay was used to identify an initial target, additional large-
scale deletions were not observed. Instead point mutations and 
insertions were observed in sequenced, manBA defective strains. 
This may reflect that the strain used in the initial experiment had 
an unknown history and may have been subjected to serial pas-
sage. The deletion event may represent an endpoint of gene inac-
tivation, although there are several additional functions present, 
none may be necessary during growth in culture. Current views 
from studies of homologous recombination, adapted from studies 
in eukaryotic organisms, are that recombination between DNA 
strands may involve an exploratory homology search through the 
tips of single-stranded DNA from intact DNA duplexes initiating 
recombination (Lao and Forsdyke, 2000). The inserted sequence, 
CGGGCA, repeats five times within the native phosphomanno-
mutase, between the positive and negative strands. In contrast, 
this same motif occurs only once in the manA gene. Duplication 
is probably a result of run-on during replication. This motif is 
common throughout the Brucella genome and may represent a 
recombination hot spot, similar to the E. coli crossover hot spot 
instigator (chi), which is distributed throughout the E. coli genome 
(Tracy et al., 1997).
Luria–Delbrück fluctuation calculations were applied to multi-
ple independent cultures to estimate the rates of pyrE versus manBA 
mutation. Often, experiments examining spontaneous mutation 
report a “mutant frequency.” The mutant frequency is simply the 
ratio of mutants divided by the total number of bacteria in the 
population. The mutant frequency is easy to measure, but is less 
reliable than the mutation rate because it may show large fluctua-
tions depending upon when the first mutation appeared in the 
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